has not yet been investigated. We employed in situ hybridization to as GluR-B (above), and a "long" form termed GluRwith GluR-B long -specific probe to analyze the develop-B long (Kohler et al., 1994) . GluR-B long contains a 68 amino mental expression of GluR-B long mRNA in the mouse residue C-terminal domain that shows 63% identity with brain. GluR-B long was expressed already at embryonic the GluR-D C-terminal domain. Until now, the expression stages in the cortex and hippocampus, and reached profile of GluR-B long and the role of GluR-B long in AMPA peak expression between P7 and P15 in the hippocamreceptor-mediated synaptic transmission have not pal pyramidal cell layers and dentate gyrus granule cells been investigated.
( Figure 1C ; expression in the cerebellum could not be Here we describe the developmental and regional exevaluated due to a high background in the control secpression of GluR-B long , its steady-state oligomerization tions, lower panels). Comparison with GluR-B showed with other AMPA receptor subunits, and its mode of a similar expression pattern of the two GluR-B forms in synaptic delivery. We show that GluR-B long synaptic inall brain regions investigated, but the overall mRNA level sertion is activity dependent, triggered by spontaneous of GluR-B long in the forebrain appeared considerably synaptic activity and following the induction of LTP.
weaker than that of GluR-B ( Figure 1D ). GluR-B long was, The overall significance of GluR-B long -mediated AMPA however, expressed at strikingly high level in the granule receptor trafficking, as examined by expression of the cell layer of the olfactory bulb as compared to the adja-EGFP-tagged GluR-B long C-terminal domain predicted to cent perirhinal cortex, while GluR-B mRNA levels in interfere with the transport of endogenous GluR-B long these brain regions did not differ ( Figure 1E ). This demreceptors, was 2-fold. First, inhibition of GluR-B long delivonstrates that the generation of the two splice forms is ery by spontaneous synaptic activity resulted in ‫%53ف‬ differently regulated in neuronal cell types. reduction of the steady-state AMPA receptor responses
To study expression of GluR-B long at the protein level, in young postnatal day 14 (P14) CA1 pyramidal neurons.
we generated a GluR-B long -specific polyclonal antibody Second, inhibition of GluR-B long transport during the inagainst the C-terminal 14 amino residues. The antiduction of LTP resulted in ‫%05ف‬ reduction of the estabGluR-B long serum recognized heterologously expressed lished potentiation in P14 CA1 neurons of rat organoGluR-B long and did not crossreact with the other AMPA typic slices, and in a complete loss of LTP in P14 CA1 receptor subunits (Figure 2A ). Western blotting with afneurons of slices prepared from mice lacking the GluR-A finity-purified anti-GluR-B long antibody detected a band subunit. Taken together, these data show that GluRof the appropriate molecular size and an additional band B long -containing AMPA receptors provide a GluR-Aof a slightly lower size, both in rat and mouse forebrain independent transport mechanism for the induction of crude membrane lysates ( Figure 2B ). In order to resolve glutamatergic synaptic plasticity, a function which is the authenticity of the GluR-B long signal, we used a foresignificantly utilized in young CA1 neurons. brain lysate prepared from mice lacking a functional GluR-B gene. As shown in Figure 2B , only the higher Results molecular size band was absent in the GluR-B Ϫ/Ϫ lysate, directly confirming that it corresponds to GluR-B long , GluR-B long mRNA and Protein Expression while the lower band was detected in both wt and GluRThe distal region of the GluR-B mouse primary transcript B Ϫ/Ϫ lysates and is thus unrelated to GluR-B long . In addiis alternatively spliced to produce either GluR-B mRNA tion, subcellular fractionation of mouse forebrain lysate which contains the long C-terminal coding sequence in showed an enrichment of GluR-B long in the postsynaptic the 3Ј untranslated region (UTR) or GluR-B long in which density (PSD) fraction relative to the starting homogethe short C-terminal sequence is replaced, after a juxtanate, as expected for AMPA receptor subunit subcellular membrane 14 amino residue region highly conserved distribution ( Figure 2C ). among all AMPA receptor subunits, by the long C-terNext, the developmental profile of hippocampal GluRminal sequence (Kohler et al., 1994) ( Figure 1A) . Implying B long expression in mice was determined at days 2, 7, that C-terminal alternative splicing of GluR-B is con-14, and older than 42 and compared to that of GluR-B served among mammals, birds, and teleost fish, BLAST (or actin for an independent control). While the expressearch (blastn NCBI) with the mouse GluR-B long C-tersion of GluR-B long peaked early postnatally, GluR-B levminal coding sequence identified homologous seels increased gradually until adulthood (Figures 2D and quences in the 3Ј UTR of GluR-B cDNA from human, 2E; similar GluR-B long expression profile was also obrat, pigeon, and zebrafish. The deduced GluR-B long served from rat lysates: P2 ϭ 100, P8 ϭ 236 Ϯ 76, P14 ϭ C-terminal peptide sequences show 78% identity (Fig-228 .5 Ϯ 48.5, P42 ϭ 92.5% Ϯ 20.5%, mean Ϯ SEM, ure 1B). n ϭ 2). These data show that the expression of the GluR-B long expression, with the exception of PCRtwo alternative splice variants of GluR-B is differently regulated during developmental and adult stages. To based detection in rat brain cDNA (Kohler et al., 1994) sections from mouse brains of the indicated ages. Control sections hybridized with probe to which a 200-fold excess of unlabeled probe was added are shown below the corresponding panels. The sections were exposed to film for 3 weeks. Ad, adult (Ͼ3 months); OB, olfactory bulb; DG, dentate gyrus. confirm the prominent expression of GluR-B long in the from P9 hippocampal lysates. Probing of parallel immuadult olfactory bulb, as detected by in situ hybridization noprecipitates showed that both GluR-A and GluR-C ( Figure 1E) , we compared the expression ratios of GluRsubunits were complexed with GluR-B long ( Figure 3A ; B long and of GluR-B in adult olfactory bulb to hippocamthe GluR-B Ϫ/Ϫ lysate, lanes Ϫ/Ϫ, served as a control to pus (OB/H ratio). As quantified in Figure 2F , GluR-B was ensure the specificity of the coimmunoprecipitations). approximately 3-fold more abundant in the hippocampal In contrast, neither GluR-D nor GluR-B subunits were lysate while GluR-B long was expressed higher in the olfacdetected in the anti-GluR-B long immunoprecipitates from tory bulb. We conclude that the levels of GluR-B long and P9 lysates ( Figure 3A) . To estimate the fraction of GluR-A GluR-B are differently regulated in the two regions.
and GluR-C assembled with GluR-B long at early developmental stages, we compared the input levels of AMPA receptor subunits to the remaining "unbound" levels GluR-B long Oligomerization with GluR-A after near-quantitative immunoprecipitation with the and GluR-C Subunits anti-GluR-B long antibody ( Figure 3B , samples "inp." and AMPA receptors are hetero-tetrameric complexes "unb."; for these experiments, we followed protocols formed by different subunit combinations (Rosenmund used previously to quantitate coassembly of AMPA reet al., 1998; Wenthold et al., 1996) . To investigate the ceptor subunits [Wenthold et al., 1996] ). At P3 and P9 composition of the GluR-B long -containing receptors, we respectively, approximately 25% and 15% of GluR-A, performed immunoprecipitations with affinity-purified and 20% and 10% of GluR-C were assembled with anti-GluR-B long antibody. As shown in Figure 3A , top panel, GluR-B long was efficiently immunoprecipitated GluR-B long (densitometric quantification from three ex- periments is given in Figure 3C ). In agreement with the et al., 1994). In order to directly compare protein expression of GluR-B long and GluR-B, both subunits were quanapparent lack of GluR-D and GluR-B assembly with titatively immunoprecipitated from P7 and P42 hippoGluR-B long , no difference was detected for these two campal lysates with subunit-specific antibodies and the subunits between input and unbound samples (Figures amount of the precipitated protein was assayed by 3B and 3C). Similarly, no difference was detected for Western blotting with an antibody directed against the the NMDA receptor NR1 subunit, which served as an GluR-B N-terminal domain, thus recognizing both GluRindependent control for the specificity of the immuno-B long and GluR-B with the same affinity. As shown in precipitations (data not shown). Figure 4A , GluR-B long to GluR-B ratio was ‫2.0ف‬ at P7 Further support for assembly of GluR-B long with GluR-A and ‫50.0ف‬ at P42. Thus, in young postnatal neurons, and GluR-C was seen from reverse immunoprecipitaGluR-B long is expressed at ‫%02ف‬ of the level of GluR-B, tions using a mix of anti-GluR-A and anti-GluR-B/C antia finding which agrees with the similar portion of GluR-A bodies (we used anti-GluR-B/C antibody because the and GluR-C subunits assembled with GluR-B long at this anti-GluR-C antibody was not efficient for immunoprestage ( Figure 3 ). cipitations). As shown in Figure 3D was necessary for the synaptic insertion of GluR-B long receptors, infected slices were kept during the expression period in a medium containing the NMDA receptor early in development, and thus employable for synaptic blocker APV. As shown in Figure 5E (ϩAPV), no differfunction as part of the GluR-A-and GluR-C-containing ences in AMPA receptor-mediated transmission were receptor assemblies (above).
found between ). As additional controls, we expressed EGFP-fusion proteins containing the GluR-A and GluR-D C-terminal peptides, EGFP-GluR-Act and EGFP-GluR-Dct, and EGFPGluR-B long ct in rat organotypic slices, and the effects of these constructs were analyzed in a blind fashion. We also expressed EGFP-GluR-B long ct in mouse GluR-R-B Ϫ/Ϫ organotypic slices (R-B Ϫ/Ϫ bar graphs in Figure 5H ). These experiments showed that AMPA receptor-mediated synaptic transmission was selectively depressed -containing medium which depresses neural activity (ctrl: Ϫ19.6 Ϯ 2.3 pA; inf: Ϫ20.5 Ϯ 2.7 pA; n ϭ Figures 8D-8F 
